Experimental design without replication, such as Federer's augmented block design, allows us to determine productivity, adaptability and stability in multi-environment trials. This work aimed to select productive wheat lines with high adaptability and stability in preliminary trials. The grain yield of 140 homozygous wheat lines was measured in 2015 at three locations. The cultivar TBIO Mestre was used as a check. Genetic parameters were evaluated by mixed models, and selection was based on the harmonic mean of the relative performance of the genetic values (HMRPGV) using models 74 (individual analysis) and 75 (joint analysis) of Selegen software. In the joint analysis, 33 wheat lines stood out in terms of productivity, adaptability and stability. These lines have the potential to be evaluated in Value for Cultivation and Use (VCU) trials for future release of new wheat cultivars.
INTRODUCTION
Breeding programs seek to obtain genotypes with high productivity, adaptability and stability. In autogamous plant breeding for species such as wheat (Triticum aestivum L.), the breeding process is initiated by the hybridization of contrasting parents with desirable traits; this may involve single or multiple crosses. After hybridization, many generations are evaluated and selected until a new cultivar is released. In early generations, when a low number of seeds are available that may be insufficient for conducting multi-environment trials (METs) with replication, breeders need accurate information about performance, adaptability and stability.
Even in homozygous generations, for predecessors to Value for Cultivation and Use (VCU) trials, called preliminary generations, the amount of seed may be low, leading to questions about the best design for how they are conducted and evaluated. Conducting trials with reduced seed availability may follow two ways: conducting trials in a single location with n replicates or conducting METs without replications. Conducting trials without replications requires relatively high accuracy in the selection, with the use of appropriate statistical models and experimental designs. In this sense, the use of Federer's augmented block design (Federer 1956, Federer and Raghavarao 1975) is an alternative.
After choosing the experimental design for trials without replications, it is necessary to select adequate statistical models for the correct trial evaluation. In this sense, mixed models have been widely used. Analysis based on the restricted maximum likelihood and best linear unbiased prediction (REML/BLUP) allows the estimation of variance components as well as the prediction of genetic values, excluding environmental effects (Peixouto et al. 2016 , Lopes et al. 2018 .
Evaluating productivity, adaptability and stability is essential for the correct selection of superior genotypes. In this sense, productivity is the most important parameter to be considered for any crop. If they have desirable traits such as disease resistance genes, low-productive genotypes may be used in hybridization blocks, but they will rarely be a commercially released cultivar. However, stability involves the predictability of genotype performance at different locations, and the adaptability refers a genotype's ability to respond predictably to environmental stimuli (Matei et al. 2017) . The use of REML/BLUP allows the harmonic mean of genotypic values (HMGV), relative performance of predicted genotypic values (RPGV) and harmonic mean of performance relative to the genotypic values (HMRPGV) (Borges et al. 2010 ) to be applied. Thus, with HMGV, it is possible to make inferences about stability, adaptability and productivity (RPGV) and an integrated evaluation of productivity, stability and adaptability (HMRPGV) (Spinelli et al. 2015 , Costa et al. 2015 . Estimating heritability is also important. Broad-sense heritability expresses genetic variance as a proportion of genetic variance in relation to the total variation (phenotypic variation). These parameters allow a breeding program to make advances and select superior lines. With respect to the importance of estimating these parameters in preliminary wheat lines, we used Federer's augmented block design in the evaluation of preliminary trials with reduced seed availability. Therefore, the objective of this work was to select productive, adapted and stable wheat lines.
MATERIAL AND METHODS
In the 2015 crop season, 140 homozygous wheat lines were evaluated. The experiments were performed at three locations of the Paraná state: Pato Branco (lat 26° 13' S, long 52° 40' W, alt 760 m asl, homogeneous region 2 of wheat cultivar adaptation), Renascença (lat 26° 09' S, long 52° 58' W, alt 698 m asl, homogeneous region 2), and Clevelândia (lat 26° 24' S, long 52° 21' W, alt 950 m asl, homogeneous region 1). Trials were conducted in accordance with Federer's augmented block design, with two blocks. The first block was composed of 70 plots containing 70 different wheat lines and 13 plots containing the check cultivar TBIO Mestre; i.e., this cultivar was randomly distributed in 13 plots within this block. The second block was composed of another 70 lines and 12 replicates of the check cultivar. This experimental design was applied in all evaluated environments. At each location, the new wheat lines did not have replications due the low seed availability.
The experimental plot consisted of six 5 m rows, with 0.2 m between rows, totaling 6 m 2 . Seed density was standardized to 350 seeds m -2 . Sowing was performed in the first half of June 2015. Agronomic management followed technical indications for this crop species. Grain yield (GY, in kg ha -1 ) was obtained from the harvest of the 6 m² area and weighted, and the grain moisture was corrected to 13%. Data analysis was performed using mixed models. The variance components were obtained by restricted maximum likelihood (REML), and the mean components were obtained by best linear unbiased prediction (BLUP), performed via Selegen-REML/BLUP software (Resende 2016) . Models 74 (individual analysis) and 75 (joint analysis of locations) were used.
When the locations were analyzed individually (model 74), the model used was y = X f + Z g + W b + e, where y is the vector of phenotypic data, f is the overall mean (fixed), g is of vector of the genotypic data (random), b is the vector of the environmental effects of blocks (random), and e is the vector of the error effects (random). X, Z and W are the incidence matrices of f, g and b, respectively (Resende 2007) .
For the joint analysis of locations, model 75 was used: y = X f + Z g + W b + T i + e,where y is the vector of the phenotypic data, f is the overall location mean (fixed), g is the vector of the genotypic data (random), b is the vector of the environmental effects of blocks (random), i is the vector of the effects of the genotype x environment interaction (GEI) (random), and e is the vector of the error effects (random). X, Z, W and T are the incidence matrices of f, g, b and i, respectively With these models, genetic effects (g), predicted genotypic values (μ + g) genotype gain without the environmental effect, new genotype means and genotype ranking (Rank) were obtained. Furthermore, model 75 obtained the mean genotypic location values (μ + g + gem), which capitalizes on a mean interaction inclusive of all evaluated locations (Resende 2007 ). Through this model, the genotypic stability parameters were obtained by the harmonic mean of the
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genotypic values (HMGV), and the relative performance of the genotypic values (RPGV) was used for the evaluation of adaptability; for stability, adaptability and productivity, the harmonic mean of RPGV (HMRPGV) was used, and these parameters were then multiplied by the overall mean of locations (RPGV*OM and HMRPGV*OM, respectively).
The Spearman correlation coefficient (r s ) (Steel and Torrie 1960) was used to verify the similarity in the lines' ranking between the locations and set of locations. For this, the new mean parameter was used (Resende 2007 (Resende , 2016 ). The r s was calculated using Microsoft Excel software.
RESULTS AND DISCUSSION
Estimation of the genetic parameters for the set of locations and for each location are presented in Table 1 . Genotypic variance (V g ) for each location and for the set of locations was high, accounting for more than 50% of the variance in both cases. On the other hand, the residual variance (V e ) presented higher participation and values near V g for Renascença.
The coefficients of broad-sense heritability of individual plots (h 2 g ) were high for the individual and joint analyses of locations. At individual locations, the h 2 g ranged from 0.82 ± 0.20 to 0.59 ± 0.17. In the joint analysis, the heritability was 0.77 (± 0.05). This indicates that a large part of the phenotypic variance (V f ) was due to the genotypic variance (V g ). GY is quantitative, polygenic trait and is strongly influenced by the environmental. As such, smaller values of h 2 g were expected in the joint analysis. The observed value (h 2 g = 0.77 ± 0.05) occurred due to the low participation of the GEI variance (V int ) in relation to V g and the total phenotypic variance (V f ). The values of standard deviation at each location were higher than those verified for the set of locations, ranging from 0.20 to 0.17. However, these values are within acceptable limits, indicating that the predictions are reliable for use in plant breeding (Resende 2004) .
The accuracy of genotype selection (A cgen ) ranged from 0.90 in Pato Branco to 0.77 in Renascença. This parameter reflects the correlation between the true genotypic value of the genotype and the genotypic value estimated or predicted from the trial information. These values may be classified as belonging to the very high (A cgen > 0.90) or high (A cgen > 0.70) accuracy classes (Resende and Duarte 2007) . The genotypic correlation between performance at the locations (rg loc ) was 0.89. This parameter indicates the similarity in the ranking of genotypes at the tested locations (Carvalho et al. 2016) . The value obtained indicates no complex interaction between genotypes and locations; i.e., there were 89% and 11% simple and complex interactions, respectively. This may be the result of similar environments and/or lines having productive stability or broad adaptability. Thus, there were no significant changes in the genotype ranking at the different test locations. However, relatively large numbers of significant changes in ranking between locations, i.e., lower values of rg loc , were expected since Pato Branco and Renascença belong to homogeneous region 2 of wheat adaptation in Brazil and since Clevelândia belongs to the homogeneous region 1. The homogenous region of wheat adaptation is determined according to the altitude (meters above sea level) and the average air temperature and humidity. Thus, homogeneous region 1 is characterized by cold, wet and high altitudes. In contrast, the homogeneous region 2 is moderately warm and wet, with low altitudes (Cunha et al. 2006 ). Possible explanations for these results are related to the wheat lines tested and their high stability, which resulted in no complex interactions with the environments. Another relevant point is the adverse climatic conditions in the 2015 wheat crop season in Clevelândia. Excess rainfall and above-average temperatures are cited as the main adverse conditions. These conditions favored disease development. This condition resulted in a reduction in the photothermal quotient due to many cloudy days (Silva et al. 2014) . Clevelândia had the lowest productivity among the three evaluated locations (2777 kg ha -1 ), even though it was in homogeneous region 1, which is considered ideal for wheat cultivation. As such, this location did not present favorable characteristics to wheat crops in this season.
The Spearman correlation coefficient (r s ) indicated an association between lines rankings at different locations and the set of locations. In this sense, the r s for the set of locations was relatively high at Renascença (r s = 0.95) (Table 2) . Moreover, the lowest r s was obtained between the set of locations and Pato Branco. The greatest differences in genotype rankings were obtained between Pato Branco and Clevelândia (r s = 0.61). In general, the results of the line rankings between each location and the joint analysis were similar, which justifies a high genotypic correlation (rg loc ).
Mixed model analysis makes it possible to determine the performance of each line for the set of locations and for each location (Tables 3 and 4 ) without environmental effects, considering only the genotypic value of each line. For the joint analysis of locations, the highest genetic effects (g) were observed for lines UTFT 1110, UTFT 1608, UTFT 1620, UTFT 1025, UTFT 1691, UTFT 1043, UTFT 1003, UTFT 1037, and UTFT 1463. These lines also presented the highest predicted genotypic values (μ + g). The random effect of locations allows these results to be extrapolated to other locations of the target region because the locations are considered representative. When wheat lines are evaluated in two groups, selected and nonselected, it is possible to infer that the selected group showed meaningful superiority, with a minimum significant difference (data not shown).
These top 33 lines (Table 3) can be selected to compose the selections of the first year of VCU trials because these lines were superior to TBIO Mestre, which presented the 34 th highest genotypic effects. Thirty-three is a suitable number of lines to be conducted according to VCU standards, which are established by the Ministry of Agriculture, Livestock and Food Supply (MAPA). In addition to presenting the highest g and μ + g, these lines also presented the highest values of HMGV, RPGV*OM and HMRPGV*OM. The genotypic stability analysis, which was based on the HMGV method, is related to the dynamic concept of stability because it is associated with GY (Resende 2004) . Thus, lines with high HMGV values are productive and stable in different environments. The selection via RPGV*OM takes into account the productive mean and the adaptive capacity of the genotypes. In this sense, productive genotypes with the capacity to positively respond to environmental conditions are selected. The integrated selection (HMRPGV*OM) allows selection considering the HMGV and RPGV*OM methods, i.e., considering the stability, adaptability and productivity means together (Matei et al. 2017) . Carvalho et al. (2016) and Santos et al. (2018) reported the efficiency of the HMRPGV method in the simultaneous selection for productivity, stability and adaptability of cotton and bean genotypes, respectively. Thus, selected lines based on this method are essentially productive, are stable in different environments and have the ability to positively respond to environmental stimuli.
Methods involving the adaptability, stability and productive means are very useful in breeding programs. These methods use mixed models to obtain the information, and they have the main advantage of estimating genetic values without environmental effects. In addition, this type of method allows us to obtain these results from trials without replications. Mixed models differ from traditional methods for stability and adaptability estimation since GY has a greater weight in the analysis than adaptability and stability, which do not occur in traditional methods such as the Wricke ecovalence LG Woyann et al.
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When the analysis was performed by location, few but significant changes occurred in the line rankings (Table  4 ). This indicates that locations were relatively homogeneous in the crop season. However, some lines had superior performance in single-location trials. For example, in Pato Branco, the lines UTFT 69, UTFT 877, UTFT 1158 , UTFT 1173 , UTFT 1633 and UTFT 1716 were among the selected lines, which were not selected in Clevelândia or Renascença. In Clevelândia, the lines UTFT 6, UTFT 1506 and UTFT 1634 were among the top 20 lines. In Renascença, the lines UTFT 657, UTFT 1003 and UTFT 1405 were among the top 20, which was not the case in Pato Branco or Clevelândia. As such, lines with specific adaptation may be identified in METs without replications, which would not occur if the single trial was conducted in one location with replications.
In the table of means (Table 3) , the lines UTFT 69, UTFT 877, UTFT 1158, UTFT 1173 and UTFT 1716, which were only in the set of the improved lines in Pato Branco, were not classified among the top 20 lines in the set of locations. LG Woyann et al.
Likewise, the UTFT 6 and UTFT 1506 (Clevelândia) and the UTFT 657 and UTFT 1001 (Renascença) lines were not among the top 20 lines in the joint analysis. Two exceptions were observed: UTFT 1634 was selected only in Clevelândia, and UTFT 1405 was selected exclusively in Renascença. However, both lines were among the top 20 lines in the joint analysis. As they were selected in one location, these cultivars could not have been selected if the trials had been carried out in a single location. This shows that, possibly, these two lines have specific adaptations, with UTFT 1634 adapted to homogeneous region 1 and UTFT 1405 adapted to Homogeneous region 2. Homogeneous region 1 is characterized as a relatively cold region with relatively high relative humidity and altitudes, while Region 2 is moderately hot and humid and has relatively low altitudes (Franco and Evangelista 2018) .
UTFT 1405 was among the top 20 only in Renascença. However, this line was also among the top 20 when the overall mean was considered. This result may be related to the good performance of UTFT 1405 in Renascença, which was ranked 8 th . If the selection has been performed only in Pato Branco with replications, this line could have performed more poorly, and it would not have been chosen among the top 20 lines for inclusion into VCU 1 trials (27 th in Pato Branco). This case shows how multi-environment selection, even without replications, is very important in plant breeding. However, selection intensity must be low when only one replication is considered. Trials conducted with three or more replications in multi-environments are recommended (Yan et al. 2015) . Thus, it is possible to obtain precise and accurate data about adaptability and stability.
The GEI has a pronounced influence on genotype performance. Thus, the evaluation of METs is essential for a relatively accurate assessment of this interaction and for improving genotype evaluations (Yan 2016) . Trials without replications for lines but with replications for the check are a viable and effective alternative for autogamous breeding programs when seed availability is limited (Wu et al. 2013) . This system is effective because it allows the identification of the best lines more accurately in relation to selection in single-location trial with replications when adequate statistical models are used (Bondalapati et al. 2014 ). Thus, the use of the mixed-model methodology with the REML and BLUP parameters allows the selection of superior lines in trials without replications where genetic differences among lines may be observed, excluding environmental effects. However, although the use of only one replicate is a good alternative for breeding programs, the use of more than one check cultivar is essential. Furthermore, it is important to note that for the subsequent generations, when there is greater seed availability, trials should be performed with replications.
FINAL CONSIDERATIONS
In total, 33 wheat lines evaluated in preliminary trials can be selected in terms of their productivity, adaptability and stability by HMGV, RPGV and HMRPGV methods. When a large number of lines need to be evaluated or when seed availability is limited, trials without replications can be an alternative for plant breeders. However, reduced selection intensity should be applied to avoid eliminating promising lines.
